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SUMMARY

The purpose of the present investigation was to summarize data in
the literature and combine them with data obtained at the Lewis Research
Center on the mechanical properties of the titanium alloy Ti-6A1-4V at
temperatures of 759, -320°, and -423° F. Results are reported for sheet
material that ranged in thickness from 0.030 to 0.090 inch. Most of the
material tested was in the annealed condition. Limited data are pre-
sented for material in the solution-treated condition and for welded
material. Smooth tensile and yield strengths, notch tensile strength,
and percent elongation are presented for all test conditions. Edge-
notched tensile specimens had stress-concentration factors Ky of 3.0,
7.2, and 21.0

The smooth tensile and yield strengths nearly doubled from 75° to
-4239 F. Generally, notch tensile strengths increased when the test en-
viromment temperature was reduced from 75° to -320° F but decreased
sharply at -423° F. Large variations in notch strength resulted from
the different values of K and the different heats and thicknesses.

The elongation was generally reduced with lowered temperature; however,
the elongation did not indicate the severity of embrittlement that was
evidenced by the low notch strengths at the low temperatures. Variations
in interstitial content did not appear to account for the large variations
in notch strength. The alloy does not exhibit directionality, since all
the mechanical properties were essentially the same in both the longi-
tudinal and transverse directions. The alloy was 100 percent weld effi-
cient at all test temperatures; however, the weld metal was more notch
sensitive than the parent metal, especially at -320° F.



INTRODUCTION

Titanium alloys are attractive materials for use in space vehicles
because these alloys generally have high ratios of strength to density.
A possible major application for titanium alloys in space vehicles could
be in propellant tanks, For vehicles in which liquid oxygen and liquid
hydrogen are used as propellants, the tanks would be subjected to temper-
atures ranging from about -297° F (boiling point of liquid oxygen) to
-423° F (boiling point of liquid hydrogen). At these low temperatures,
many metals have high ultimate strength, but the ductility and fracture
toughness may be so low as to render the material impractical for use in
tanks for cryogenic fluids. It is desirable, therefore, that the designer
have available as much informatlon on the mechanical properties of a
given material as practicable so that reliasble cryogenic tank structures
cen be fabricated.

Several investigators have reported the mechanical properties of
Ti-6A1-4V alloy over extended temperature ranges as low as -423° F (see
refs. 1 to 4); however, the total amount of information available is
relatively small, It is the purpose of the present investigation to pro-
vide additional information and to comment upon the significance of the
present results in conjunction with those that have been published.

The data for the present investigation were obtained from Ti-BA1-4V
sheet of two different heats in the annealed condition. One heat was
also tested in the solution-treated condition. The sheet thicknesses
were approximately 0,030 and 0.035 inch. The smooth and sharp-notch
tensile strengths of the alloy were obtained at room temperature, -320°
and -423° F. Some smooth and sharp-notch properties of welded Ti-6A1-4V
sheet material also were obtained. The data from the present investi-
gation are compared with those obtained previously (refs. 2 to 4).

MATERIAL AND TEST SPECIMENS
Material

The Ti-6A1-4V investigated was commerclal sheet material. The heat
numbers and chemical compositions of the materials of the present and pre-
vious investigations are given in table I. The 0.030- and 0.035-inch-
thick sheets of the present investigation were of two different heats and
were received as annealed. One heat was tested in the annealed condition
only, while the other heat was tested in the annealed and solution-treated
conditions. Both heats were annealed at 1350° F for 8 hours. The solu-
tion treatment was done at 1670° F for 1 hour followed by a rapid quench.
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Test Speclimens

Sketches of the smooth and sharp-notech tensile specimens used 1n the
present investigation of 0,030- and 0.035-inch sheet are shown in figure
1. Details regarding selection of this particular specimen design and
the techniques used in preparation of the specimens are discussed in
reference 5. The specimens were machine contoured 1n the as-heat-treated
condition with the machining limited to the edges.

The weld specimens were made from coupons cut from panels welded by
the supplier after heat treatment. The location of the weld in the test
specimen is also shown in figure 1. Weld specimens were prepared from
material in both the annealed and solution-treated conditions. The welds
were fusion butt welded using an inert-gas-shielded arc with a noncon-
sumeble electrode. No filler material was used in the weld. Both the
weld face and backup were inert-gas shielded. Radiographic inspection
detected no defects in the welded joints. In the tests of welded sheet,
the bead was not removed, since the thickness of the weld was essentially
the same as that of the parent metal.

APPARATUS AND PROCEDURE
Tenslle Testing Equipment

Tests at 75°, -320°, and -423° F were made with a universal testing
machine. The cryogenic test temperatures were established by lmmersing
the test specimens in liquid niltrogen (-320° F) or liquid hydrogen
(-4230° F) during load application. Cryostats were used to reduce boiloff
of the liquid nitrogen or hydrogen to reasonable minimums during the test
period. Details of the cryostats are given in reference 6.

Procedure

The smooth tensile strength, yield strength (0.2 percent offset),
percent elongation in 2 inches, and notch tensile strength were deter-
mined at 759, -320°, and -423° F, Tests at room temperature involved
no special techniques.

For the tests at cryogenic temperatures, the first step was to
mount the specimen in a suitable cryostat where it could be submerged in
a cryogenic liquid. For the tests at liquid-nitrogen temperature, the
specimen was submerged by pouring liquid nitrogen into an open-top cryo-
stat until the liquid level was above the upper grip. The bolloff rate
of the liquid nitrogen in this cryostat was low enough so that once the
specimen was submerged and cooled to the temperature of the liquid nitro-
gen no further addition of liquid nitrogen was necessary for the duration
of each test.



For the tests in which liquid hydrogen was required, the specimen
was installed in a gas-tight cryostat. As a safety measure, the air in
the hydrogen supply lines and in the test chamber was first purged with
gaseous helium. Liquid hydrogen was then introduced until the specimen
temperature had reached that of the liquid hydrogen. A small flow of
liquid hydrogen was required to maintain the proper liquid level through-
out the test period.

The ultimate tenslle and yleld strengths were based on the specimen
cross-sectional area calculated from measured thickness and width before
tension tests. The sharp-notch strengths were based on the area result-
ing from the product of the unwelded sheet thickness and the width between
roots of the notches. The strain rate was less than 0.005 inch per inch
per minute,

The stress-concentration factor K used throughout this report
was calculated from the following equation presented 1n reference 7:

s [
(Kt’e -1)° + (Ke,n - 1)

where the stress-concentration factors for elliptical and hyperbolic

notches are, respectively,
_ 1’t
Kt e = 1 +2 7

)48
(—i— + ZL>tza.n":L ‘/§ + ‘/%—

2

Kegn =

and

t depth of edge notch
r notch radius

a  half minimum width

This equation is used to calculate the stress-concentration factors of
notches in finite members under tension and is applicable to edge notches.
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The locations of +, a, and r are shown in the following sketch:

RESULTS AND DISCUSSION

The mechanical properties of two heats of the titanlum alloy
Ti-6A1-4V were determined in the present investigation. The test data
and associated averages are presented in table IT. Properties are given
for both heats of parent metal in the annealed condition and for one of
these heats that was subsequently solution-treated. Values are also
given for specimens containing butt welds, which had been made in the
annealed and solution-treated sheet.

Influence of Temperature on Mechanical Properties

The tensile properties of the Ti-6A1-4V alloy recently tested at the
NASA are shown in figure 2. This figure is a plot of the average data
from table II showing the effect of temperature. The curves are dashed
between room temperature and -320° F to indicate interpolation for the
large temperature interval. Only longitudinal data were available for
figure 2(a); longitudinal and transverse values are plotted in figures
2(p) and (c}).

It was apparent that the tensile and yield strengths of the alloy,
under the individual material conditions tested, approximately doubled
in value as the test temperature was lowered from 75° to -423° F. For
both heats in the annealed condition (figs. 2(a) and (b)), the yield
strength was very near the tensile strength. Subsequent solution treat-
ment of the one heat (fig. 2(c)) showed a slight increase in tensile
strength; however, the yield strength remained about the same as in the
annealed condition.

The sharp-notch tensile strengths of the two heats in figure Z show
different trends than do the smooth tensile and yield strengths. It is



believed that these trends in notch strength can be more easily compared
by referring to figure 3(a), where the ratio of notch to smooth tensile
strength is plotted as a function of temperature. In figure 3(a) it is
shown that the material of both heats and both heat treatments is notch
sensitive at liquid~hydrogen temperature, since here the ratios of notch
to smooth tensile strengths range from 0.41 to 0.59. Between room temper-
ature and -320° F, however, annealed heat M-7197 1s essentially notch in-
sensitive, as shown by notch-to-tensile ratios of 1.20 at room temperature
and 0.97 at -320° F. For heat M-7373, the material is notch insensitive
at room temperature, but at -320° the tensile ratio is 0.76. It can be
observed that the solution treatment of heat M-7197 significantly in-
creased the notch sensitivity; however, at 75° F the alloy was notch in-
sensitive in both the annealed and solution-treated conditions. The re-
sults of figure 3(a) also indicate that there can be large differences

in notch sensitivity between materials of different heats that undergo
the same annealing treatment. In this particular investigation there
were relatively small differences in material thickness (0.030 and 0.035
in.), and it is believed that such a thickness variation would not cause
large variations in the notch sensitivity. The large difference in notch
sensitivity between different heats of the same material is not clearly
understood; however, the notch strength ratio appears to be an inverse
function of the tensile strength for the three test temperatures, as 1is
shown in figure 3(b). This relation is in better agreement as the notch
strength ratio is lowered. With this alloy it is apparent that, within
the temperature limits used, notch sensitivity can be avolded but with a
sscrifice in tensile strength. The sensitivity to notches may be the
result of other factors that are discussed later in this report.

The alloy exhibited shear fractures at all test temperatures for all
notched specimens. The fracture appearance does not indicate the embrit-
tlement that would be expected in view of the low sharp-notch strengths.

Pigure 2 also shows the average elongation of the materials tested
as a function of the test temperature. The range of the individual data
points at a given test temperature 1s shown by the brackets. It is

apparent that the variation is generally more pronounced at the low temper-

atures. This variation can be attributed, in part, to the plastic flow
behavior observed in the fractured specimens. Some specimens were noted
to have yielded only in a limited area near the fracture. This has been
observed previously in stainless steels with high amounts of cold re-
duction (ref. 68). Of the two annealed heats (figs. 2(a) and (b)), the
average elongation behavior is similar from 75° to -320° F. At -423° F,
however, the elongation of heat M-7197 was reduced markedly, while the e-
longation of heat M-7373 actually increased from that at ~-320° F. The low
elongation in heat M-7197 at -423° F can be attributed, in part, to the
proximity of the yield and tensile strengths (3000 psi), whereas in heat
M-7373 the difference between yield and tensile strengths was greater
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(11,000 psi). The elongation of the solution-treated heat M-7197 in-
creased at -320° F over that at room temperature; however, at -423° F the
elongation was about the ssme as in the annealed condition (fig. 2(c)).

It is interesting to note that the elongations in these tests do not
indicate the severity of embrittlement, as evidenced by the low notch
strengths at the low temperatures. Actually, the more notch sensitive
material had the higher elongation at -423° F,

The M-7197 alloy does not appear to be directional, as indicated by
the close agreement of the longitudinal and transverse properties of
heat M-7197. There was nho marked difference in any of the properties
shown in figure 2 with respect to rolling direction. Data for M-7373
were limited to the longitudinal direction.

Weld Properties

Figure 4 summarizes the results that were obtained with welded
specimens in both the smooth and notched configurations. There was no
heat treatment after welding except for one data point noted in figure
4(b). The data are plotted as the ratio of the weld strength to the
parent metal strength for the temperature range 75° to -423° F. The
strength ratios for solution-treated heat M-7197 and annealed heat
M-7373 are shown. The smooth tensile properties of the welded speclmens
were essentially the same as those of the parent material (100 percent
weld efficient) for the entire temperature range (fig. 4(a)). For the
smooth welded specimens, the fractures generally occurred outside the
weld and the assoclated heat-affected zone for all test temperatures;
hence, the weld metal was stronger than the parent metal. An exception
to this trend, however, was the annealed specimens of M-7373 that were
tested at -423° F. Three out of four of these specimens fractured within
the weld.

The notch strength of welded specimens was generally lower than that
of notched specimens of the parent metal. This is apparent in figure
4(v), where the strength ratios of the welded notch specimens of both
annealed and solution-treated material were generally less than 1.0.

For the annealed material, the tensile-strength ratios at 75° and -423° F
were 0.91 and 0.94, respectively. At -320° F, however, the tensile-
strength ratio dropped to a value of 0.64. Stress-relieving the weld at
1300° F for 1 hour did not improve the notch strength at -320° F, as
shown in figure 4(b).



Comparison of Properties

To provide useful Information to designers, the data obtained in the
present Investigation are compared with the data previously published in
references 2 to 4. It should be pointed out that the comparison includes
materials from different heats and in some cases materials of different
thicknesses. Data from notch specimens of different geometry are also
considered. Direct comparisons of the notch data from the various
sources may therefore not be valid. The smooth tensile data, however,
can be compared directly to show variations due to the different heats.

A general dlscussion of the overall data trends may be of some use.

Figure 5 shows the longitudinal tensile properties of annealed Ti-
6A1-4V sheet as functions of test temperature for previously published
data. NASA data from figure 2 are included for comparison. The data
represent properties of eight different heats with nominal material
thicknesses varylng from 0.030 to 0,090 inch. All heats exhibit similar
trends in the smooth tenslle and yleld properties as test temperature
varies (figs. 5(a) and (b)). The curves enveloping the extremes of the
data are probably representatlve properties of the alloy, since the data
shown are quite evenly distributed at a given test temperature. The
fact that the relative position of the smooth tensile and yield proper-
ties 1s the same from 75° to -423° F indicates there were no unusual
temperature effects.

The considerable variation in the notch tensile data obtained in
various investigations is shown in figure 5(c). Part of the variation
1s due to the different stress-~concentration factors that resulted
from the different notch geometry used for the test specimens employed
by the various investigators. Values of of 3.0, 7.2, and 21.0 are
represented. Only one set of data was available for a K of 3.0. As
would be expected, the highest notch strengths are associated with this
lowest velue., For the higher values of , three and four sets of
data were avallable, and it 1s apparent that large variations in the
notch strength occur at a given K% value for the various data sources.
Notch strength is obviously affected by the different heats. In all
probabllity, this obscures the influence of thickness since there does
not seem to be any consistent trend due to thickness when all tempera-
tures are considered. Generally, for a given value of , the notch
strength increases as the temperature decreases from 75° to =-320° F.
From -320° to -423° F the notch strength decreases markedly, and for a

of 21.0 the notch strength at -423° F is less that that at 75° F.
The various data indicate that, at the cryogenic temperatures, a change
in the value of Ky from 3.0 to 21,0 can reduce the notch strength by
as much as a factor of 2. At 75° F the effect of K¢ 1s not as great
because the alloy 1s generally notch iInsensitive at thils temperature
(fig. 3(a)). Reductions in notch strength at 75° F of about 16 percent
are shown, however, when K. 1s increased from 3.0 to 21.0.
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Variables Influencing Mechanical Properties

The reason for the large variations of the sharp-notch tensile
strength for a given value of K., such as those shown in figure 5(c), is
not clearly understood. Factors other than K; are obviously affecting
the notch strength. According to references 1 and 2, a principal variable
affecting the mechanical properties of the Ti-641-4V alloy in a given
heat and heat-treated condition 1s the interstitial content. Increased
interstitial levels generally increase smooth tensile strength and may,
in turn, cause notch sensitivity. Although the interstitial gas content
hydrogen, nitrogen, and oxygen can be of importance, 1t is not belileved
to be a factor in the data shown in figure 5 for a K. of 21.0. Table
I shows that the interstitial gas content of heats M-7197, M-7373, and
M-8702 was essentially the same. An examination of the microstructure
of these three heats also showed no significant differences. In heat
M-8702, however, the carbon content was higher than in either heat
M-7197 or M-7373, and heat M-870Z had the highest smooth tensile strength
and also the lowest notch strength.

The elongation behavior (fig. 5(d)) for all data sources is similar
with one exception. The elongatlon for heat M-7373 1s not significantly
lower at -423° F than at the higher temperatures.

SUMMARY OF RESULTS

The results of the present experimental investigation of the me—
chanical propertles of two heats of Ti-6A1-4V sheet material at 75°
-3200, and ~-423° F can be summarized as follows:

1, The smooth tensile and yield propertles of the alloy approximately
doubled as the temperature was lowered from 75° to -423° F.

2., Solution treatment of the alloy increased the tensile strength
slightly relative to that of the material in the annealed condition; the
yield stress was essentially the same for both heat treatments.

3. The notch sensitivity of the annealed material varied consider-
ably at -320° F depending on the heat and the resulting strength level,
heat M-7197 being essentlally notch insensitive and heat M-7373 belng
notch sensitive with a ratio of notch to smooth tensile strength of 0.76.
At -423° F, both heats indicated that the alloy was quite notch sensitive,
the ratio of noteh to smooth tensile strength ranging from 0.41 to 0.59.
Solution treatment of the material increased its notch sensitivity re-
lative to that for the annealed condition.

4. The notch strength ratio varied inversely with smooth tensile
strength for the three test temperatures.
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5. Both annealed and solution-treated material as-welded was es-
sentially 100 percent weld efficlent from 75° to -423° F. The notch
strength of weld metal of both annealed and solution-treated materials
was generally lower than that of the parent metal. (Weld- to parent-
metal-strength ratio ranged from about 1.0 to 0.64).

Consideration of the data of other investigators in conjunction
with the data obtalned herein results in the following comparisons:

1. The spread in smooth tensile and yield data for the varlous heats
was essentially the same at room temperature and at the cryogenic temper-
atures.

2. The notch tensile strengths from several investigators differed
considerably throughout the temperature range considered; for the most
part the differences were due to variations in notch acuilty (1.e., stress-
concentration factor), material (heat), interstitial content, and speci-
men thickness. There was some indication that a high carbon content
increased tensile strength but lowered notch strength.

Iewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, February lz, 1962
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Pigure 1. - Smooth and sharp-notch sheet tensile speclmens.
(Dimensions in inches.)
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Ratio of weld to parent-metal tensile strength
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Figure 4. - Weld to parent-metal strength ratio for Ti-641-4V sheet with
various thermal treatments as function of temperature.
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Figure 5. - Longitudinal strength and elongation of annealed Ti-6A1-4V sheet as functlons of temperature.
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